Background and objectives In ANCA-associated GN, severe renal dysfunction portends a poor prognosis for renal recovery and patient survival. This study evaluated the prognostic factors affecting renal and patient outcomes in patients presenting with severe kidney failure to guide immunosuppressive therapy.
Introduction
ANCA-associated vasculitis often presents with severe renal failure requiring renal replacement therapy (1) (2) (3) . Severe renal dysfunction portends a poor prognosis for progression to ESRD and patient survival (4) (5) (6) and is associated with increased risk of serious infections from immunosuppression with glucocorticoids and cyclophosphamide (7, 8) . Whereas immunosuppressive therapy is invariably warranted in the presence of severe extrarenal manifestation of disease (9) , implementing such therapy is sometimes questioned when renal involvement is the major clinical manifestation of ANCA vasculitis and the likelihood of improvement is perceived to be low. This study aims to assess the benefit and risk of immunosuppressive therapy for individual patients presenting with severe renal disease. We analyzed the patient and renal survival on the basis of the largest cohort to date. Using multivariate regression analysis, we analyzed the baseline clinical and histologic variables associated with these outcomes and provide individualized estimated likelihoods of recovery of renal function with immunosuppression.
Materials and Methods

Participants and Inclusion Criteria
Study participants were identified from the Glomerular Disease Collaborative Network registry (6, 10) . After providing informed consent, patients with pauci-immune necrotizing crescentic GN who underwent biopsy between October 1985 and February 2010 and who met the following inclusion criteria were studied: (1) eGFR,15 ml/min per 1.73 m 2 according to the Modification of Diet in Renal Disease equation (11) , tested immediately before starting dialysis or immunosuppressive therapy; (2) therapy with oral or intravenous glucocorticoids, cyclophosphamide, or other immunosuppressive medications; and (3) follow-up until death or for at least 12 months after the biopsy. Patients with concomitant antiglomerular basement membrane antibodies or immune complex-mediated disease were excluded.
Clinical and Histologic Variables and Outcomes
We extracted demographic and clinical data from clinical source documents of each individual, including age, sex, race, ANCA test, disease phenotype according to the Chapel Hill Consensus Conference nomenclature (12) (microscopic polyangiitis, granulomatosis with polyangiitis, or pauci-immune GN without signs of systemic vasculitis [renal limited disease]), baseline eGFR, pulmonary involvement or hemorrhage, and type and duration of immunosuppressive therapy.
Two pathologists (J.C.J. and A.G.) who were blinded to patient outcomes reviewed the renal biopsy specimens for classification and scoring. Glomerular and tubulointerstitial lesions were scored and analyzed separately and as part of activity index and chronicity index scores. The activity index score is the sum of scores from five designated categories: intracapillary cellular infiltration, intracapillary neutrophil infiltration, glomerular necrosis, glomerular crescent, and interstitial leukocyte infiltration. Each category was scored semi-quantitatively from 0 (none) to 4 (severe) for a maximum of 20 points. For the chronicity index score, four categories-glomerular sclerosis, interstitial fibrosis, crescentic sclerosis, and tubular atrophy-were similarly scored for a maximum of 16 points. Arteriosclerosis was measured in the same manner (range, 0-4). The renal biopsy specimens were also classified according to the European Vasculitis Study Group (EUVAS) schema (13) .
We measured three event outcomes: treatment response, death, and ESRD (defined as the need for permanent RRT or transplantation). Treatment response was defined as dialysis independence and eGFR.20 ml/min per 1.73 m 2 with no clinical signs of active systemic vasculitis at the end of 4 months after biopsy. Causes of death were categorized into disease-or treatment-related death and death from other causes.
Statistical Analyses
Descriptive statistics were presented as median with interquartile range (IQR) or percentage according to the type of data. During follow-up, death may occur as a disease or treatment-related event before renal response is attained from immunosuppressive treatment. In this setting, death and ESRD are not independent but rather are interrelated, informative outcomes; therefore, death should be dealt with as a competing risk for the precise estimates of renal survival (14) . Application of the usual KaplanMeier method would produce biased estimates of the incidence of ESRD because it simply censors death. Likewise, mortality from other causes that are not directly related to ANCA vasculitis, such as cancer or death after remission of disease, is also competing with diseaserelated mortality for the precise risk estimation. To address this problem, we used a nonparametric estimation method for the cumulative incidence function of each outcome in a competing risk setting (15) . We compared the outcomes of interest between the treatment response and the no-response groups using the Gray test (16) . To evaluate the influence of covariates on each outcome, we performed a competing risk regression analysis (17) . Because we considered that the composite outcome of any first-occurring ESRD or death from any cause as important, we also compared and validated these results in Cox proportional hazards models. Logistic regression analysis was used to determine the risk factors associated with treatment response at 4 months.
We assessed baseline characteristics as potential covariates and transformed these into proper function forms to fit the models and meet the inferential goal of finding predictors for the outcome of interest. Age was categorized as quartiles; eGFR was categorized as .10 or #10 ml/min per 1.73 m 2 . The percentage of unaffected glomeruli was categorized as .10% or #10%. Myeloperoxidase (MPO)-ANCA (versus proteinase 3 [PR3]-ANCA), use of cyclophosphamide (versus glucocorticoids alone), use of plasmapheresis, and the presence of arteriosclerosis on biopsy were used as binary covariates. Activity and chronicity index scores were used as continuous variables. To screen explanatory variables, univariate analysis for each regression model was conducted with a selection criterion of P,0.1. Thereafter, significant covariates from univariate models were selected by backward elimination using an a level of 0.05. We tested interaction terms between selected covariates using a significance level of P,0.2 in the likelihood ratio test. No significant interaction term was identified among exploratory variables for the treatment response outcome. Estimated probabilities and their confidence intervals for the treatment response were presented on the basis of predictors found in the final model. SAS software, version 9.3.1 (SAS Institute, Inc., Cary, NC), and R software, version 2.15.2 (www.r-project.org), were used for the analysis.
Results
Cohort Description and Outcomes
A total of 155 patients with pauci-immune necrotizing and crescentic GN were included in the study. Table 1 shows the baseline characteristics of our cohort. Eightyseven percent received hemodialysis, and the median eGFR at presentation was 7.1 ml/min per 1.73 m 2 . Fiftytwo percent of patients were diagnosed with microscopic polyangiitis, 29% had renal limited disease, and 19% had granulomatosis with polyangiitis; 56% were positive for MPO-ANCA and 44% for PR3-ANCA. Pulmonary involvement was present in 46% of patients, and 28% had alveolar hemorrhage and received therapeutic plasmapheresis. A total of 135 patients (87%) were treated with oral or intravenous cyclophosphamide in addition to high-dose glucocorticoids (intravenous methylprednisolone followed by daily oral prednisone), while 20 patients (13%) received high-dose glucocorticoids alone. The renal biopsy specimens of 153 patients were reviewed. The median number of glomeruli examined per biopsy specimen was 16 (IQR, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The pattern of glomerular injury according to the EUVAS schema was categorized as sclerotic in 32% of cases, focal in 6%, crescentic in 43%, and mixed class in 6%. The median activity index score was 7 (IQR, 5-9), and the median chronicity index score was 6 (IQR, 4-9). Eightyeight percent of patients had at least mild arteriosclerosis. Figure 1 summarizes the outcome of patients during the first year of follow-up. Most outcome events occurred within the first 4 months after biopsy. Seventy-nine patients (51%) responded to the immunosuppressive treatment and came off dialysis after a median duration of 4.4 weeks (range, 1-39 weeks). At the end of 4 months, 55 patients (35%) remained dialysis dependent; 3 of these came off dialysis later (at 5, 9, and 10 months). Among patients who responded by 4 months, most maintained stable renal function through the first year of follow-up. Only 2 patients returned to dialysis dependence: 1 patient at 5 months after response due to disease relapse and the other at 7 months due to CKD progression.
The most common causes of death during the first 4 months were pulmonary hemorrhage (n=9), cardiovascular events on dialysis (n=7), and infection (n=5) (Figure 2 ). Among patients who had an initial response to treatment, 2 died between 4 and 12 months (1 of leukemia at 8 months and the other of unknown cause in remission of the disease at 5 months). Eighteen patients died more than 12 months after diagnosis: 11 due to cardiovascular events during long-term dialysis remote to the acute period, 2 due to cancer at 28 and 145 months, and 1 due to pneumonia during disease relapse after 23 months. Four dialysis-independent patients died of other causes without active vasculitis at 21, 48, 71, and 175 months. Figure 3 illustrates the cumulative incidence functions of the outcomes of interest with competing risks of the entire cohort. The median time to any event was 1.5 years (IQR, 4 months to 7 years). Estimated cumulative incidence rates of ESRD and disease-related mortality for the entire cohort were 26% (95% confidence interval [95% CI], 19% to 33%) and 17% (95% CI, 11% to 23%) at 1 year after diagnosis and 32% (95% CI, 25% to 40%) and 28% (95% CI, 20% to 37%) at 5 years, respectively (Supplemental Appendix Table 1, Figure 1 ). Supplemental Appendix Figure 1 shows a comparison of cumulative incidence functions between the treatment response group and no-response group. Table 2 shows the results of competing risk regression and Cox regression models. By univariate analysis, dialysis independence was associated with a baseline eGFR.10 ml/min per 1.73 m 2 , cyclophosphamide use, treatment response within 4 months as a time-varying variable, lower chronicity index score, normal glomeruli.10%, and EUVAS biopsy sclerotic class (versus focal class) (P,0.1). After adjustment for these variables, multivariate analysis with competing risk regression model indicated that treatment response within 4 months was independently associated with long-term renal survival.
Risk Factors for Long-Term Outcomes
For the outcome of disease-related mortality, age (per quartile increase of age), treatment with glucocorticoids alone, no treatment response within 4 months, ,10% normal glomeruli, presence of arteriosclerosis, and higher chronicity index score were selected as significant explanatory variables from the univariate analysis (P,0.1). Repeating this analysis using quartiles of chronicity index score gave similar results (data not shown). By multivariate competing risk analysis adjusting for these factors, treatment response at 4 months, older age, and cyclophosphamide use were selected as significant independent risk factors predicting disease-related mortality (P,0.05). In a multivariate Cox regression model with the composite outcome of ESRD or death, treatment response at 4 months along with cyclophosphamide treatment were reaffirmed as significant predictors of dialysis-free survival.
Risk Factors and Probability of Treatment Response
The effect of treatment response at 4 months on longterm patient and renal survival led us to investigate the risk factors influencing this intermediate outcome. By univariate analysis, PR3-ANCA type (versus MPO-ANCA), eGFR.10 ml/min per 1.73 m 2 , cyclophosphamide treatment, .10% normal glomeruli, low chronicity index score, Glucocorticoids alone, n (%) 20 ( and the absence of arteriosclerosis on biopsy were significantly associated with treatment response (P,0.1) ( Table 3) . By multivariate analysis adjusting for these covariates, a baseline eGFR.10 ml/min per 1.73 m 2 conferred a 2.8-fold higher likelihood of treatment response (compared with baseline eGFR,10 ml/min per 1.73 m 2 ) and cyclophosphamide treatment was associated with a 4.4-fold higher likelihood of response (compared with treatment with glucocorticoids alone). In addition, the likelihood of treatment response increased by 16% (95% CI, 4% to 30%; P=0.02), with each unit decrease in chronicity index score (Table 3) . Using logistic regression analysis, we calculated the probability of treatment response to cyclophosphamide and glucocorticoids for each category of baseline eGFR and chronicity index score (Figure 4) . This model predicts a .14% (lowest confidence limit) chance of recovering renal function with cyclophosphamide and glucocorticoid therapy even with a baseline eGFR,10 ml/min per 1.73 m 2 and a very high chronicity index score (14 of 16) on biopsy.
Discussion
Patients with ANCA vasculitis and severe renal dysfunction present special clinical challenges. Their likelihood of response to therapy is diminished compared with that among patients with preserved renal function, and they are at increased risk for adverse effects of immunotherapy. The questions then arise as to whether the potential benefits of treatment justify the increased risks and whether there are patients for whom the risks of therapy outweigh the benefits and have effectively reached a "point of no return." If immunosuppressive therapy is engaged, the next question pertains to the duration of treatment beyond which no further benefit can be reasonably expected. To answer these questions, we reviewed the outcomes of 155 patients with an eGFR,15 ml/min per 1.73 m 2 at presentation.
Despite severe renal failure, half the patients responded to therapy by 4 months and were dialysis independent at the end of the first year of follow-up. By the end of the first year, one third of patients had reached ESRD, and 17% had died of treatment-and disease-related causes. On the basis of the largest cohort of patients with ANCA vasculitis and severe renal failure to date, our results are similar to those in published cohort studies (5, 18) and in prospective multicenter clinical trials (19, 20) .
The major causes of death varied with time. In the first 4 months, deaths were related to vasculitis, cardiovascular events, and treatment-related infections. After 12 months, the major cause of death was cardiovascular disease, presumably related to ESRD. Early cardiovascular events have been previously reported in association with ANCA vasculitis and are postulated to be related to active inflammation as well as underlying atherosclerosis (21) (22) (23) .
According to our survival analysis accounting for potential competing risks during follow-up, use of cyclophosphamide and treatment response within 4 months Figure 3 . | Probability of cumulative incidence of ESRD, disease-related death, or death from other cause for the entire cohort. The bold line shows the cumulative incidence of ESRD, after adjusting for competing risk, mortality from disease-related causes, and others. Patients who required dialysis at presentation and never recovered renal function were considered to be at ESRD after 3 months. Mortality from other causes represents those unrelated to ANCA disease and/or ESRD.
were independent predictors for renal and patient survival. The effect of cyclophosphamide therapy on patient survival agrees with the results of earlier studies (4, 19, 24, 25) and emphasizes the importance of assertive immunosuppression in the setting of severe renal failure even on dialysis. Treatment response within 4 months was also the only variable associated with long-term renal survival retained by multivariate analysis after correcting for baseline eGFR, histopathologic chronicity index score, percentage of normal glomeruli, and treatment with cyclophosphamide. Having established response to therapy at 4 months as an important determinant of long-term patient and renal Activity index score ranges from 0 to 20; chronicity index score ranges from 0 to 16. Treatment response is time-varying variable changing status after 4 months. CRR, competing risk regression model; Cox, Cox proportional hazard model; SHR, subdistribution hazard ratio; 95% CI, 95% confidence interval; HR, hazard ratio; MPO, myeloperoxidase; PR3, proteinase 3; EUVAS, European Vasculitis Study Group. a CRR was used to determine risk factors associated with ESRD, outcome of interest with competing risks of disease-related mortality, and mortality from other causes. b Disease-related mortality is the outcome of interest competing with ESRD and mortality from other causes. c Conjoined outcomes with ESRD or all-cause mortality were used for Cox proportional hazard model.
outcomes, we analyzed the risk factors associated with this intermediate endpoint. Compared with treatment with glucocorticoids alone, the use of cyclophosphamide confers a significantly increased likelihood of recovery of renal function. In addition to treatment with cyclophosphamide, a presenting GFR of .10 ml/min per 1.73 m 2 and low chronicity index score were also independently associated with response to therapy at 4 months. Therefore, even minor differences in presenting GFR have a marked effect on the long-term outcome of patients with severe renal disease. This finding emphasizes the importance of early diagnosis and prompt initiation of therapy. The histopathologic chronicity score incorporates semiquantitative measures of glomerular and tubulointerstitial scarring, whereas the EUVAS classification schema (13) is based on scoring of glomerular lesions only. Unlike the EUVAS schema, the chronicity index score was . | Among cyclophosphamide-treated patients, the likelihood of treatment response was >14% (lowest confidence limit) even with highest chronicity index score and eGFR<10 ml/min per 1.73 m 2 . Chronicity index score (0-16 points) is sum of semiquantitative measurements on four items: glomerular sclerosis, crescent sclerosis, interstitial fibrosis, and tubular atrophy. Each point and error bars represents estimated mean probability and its 95% confidence intervals. eGFR, ml/min per 1.73 m 2 .
independently and inversely associated with the likelihood of dialysis independence at 4 months. These findings suggest that the tubulointerstitial compartment lesions have a significant effect on the renal outcome of patients with ANCA-associated nephritis (6, 26) . The difference between our results and those of the EUVAS schema with respect to the prognostic value of histopathologic classification is probably related to the selection of patients with severe renal failure in our patient population, leading to a narrower spectrum of histopathologic findings, and possibly an increased prominence of scarring of both the glomerular and tubulointerstitial compartments. Among cyclophosphamide-treated patients, we provide graded estimates of dialysis independence at 4 months for each category of baseline eGFR and for the range of chronicity index scores (Figure 4) . We also aimed to identify a threshold of severity of renal disease below which treatment would be considered futile. However, even among patients with a baseline eGFR,10 ml/min per 1.73 m 2 and near-maximal chronicity score (14 of 16), the likelihood of response remains .14%. We therefore conclude that all patients presenting with severe renal failure can benefit from an initial therapy trial with glucocorticoids and cyclophosphamide for 4 months. Conversely, the likelihood of attaining sustained dialysis independence beyond 4 months of therapy is very low (5%). In the absence of extrarenal active vasculitis, we therefore suggest that treatment with cyclophosphamide should be discontinued after 4 months if dialysis independence is not attained by that time. The previous study of histologic prognostic factors based on 68 dialysis-dependent patients had similarly identified the extent of tubular atrophy and glomerular injury as important prognostic indicators of poor renal outcome (24) . In that study, investigators estimated that in patients treated with plasma exchange, the risk of death exceeded the likelihood of renal recovery only in patients with the most extensive glomerular lesions (#2% normal glomeruli). Our use of stepwise regression modeling may have overestimated the effect size of the selected variable on response to treatment. It is possible that factors other than baseline eGFR, chronicity index, and cyclophosphamide use may also influence treatment response. Future validation of these findings in other datasets is warranted.
The strong association between renal recovery at 4 months and improved long-term renal and patient survival differs somewhat with the long-term follow-up results of the methylprednisolone versus plasmapheresis (MEPEX) trial (18) . In that study, the association between plasmapheresis and renal recovery at 3 and 12 months did not confer a strong long-term patient or renal survival benefit.
In our study, only 43 patients received adjunctive plasmapheresis. By univariate analysis, we did not detect an association of plasmapheresis with any of the clinical outcomes of interest. This result differs from those of the MEPEX study (27) , wherein therapeutic plasma exchange was associated with a significantly improved likelihood of renal recovery at 3 and 12 months after start of treatment. This difference in results may be attributable to several factors. Our study was not set up to specifically assess the effect of plasmapheresis. Before the publication of the MEPEX trial results, patients with severe renal dysfunction were not systematically treated with plasmapheresis, which was primarily restricted to patients with severe pulmonary hemorrhage. It is therefore likely that plasmapheresis was preferentially used in patients presenting with more severe illness. Finally, the total number of plasmapheresis-treated patients is too small to allow us to confidently detect an association between this treatment modality and outcomes. Similarly, only two patients received adjunctive treatment with rituximab. Therefore, our results and conclusions cannot be extrapolated to induction therapy with rituximab and glucocorticoids alone. It is noteworthy that the randomized controlled trial of rituximab versus cyclophosphamide in ANCA vasculitis excluded patients with severe renal failure (28) . In the Rituximab versus Cyclophosphamide in ANCA-Associated Vasculitis trial, five of eight dialysis-dependent patients treated with a combination of glucocorticoids, rituximab, and cyclophosphamide with or without plasmapheresis recovered renal function (29) . Because of the importance of prompt recovery of renal function on long-term patient and renal survival, it will be important to study the comparative efficacy and time to response of new treatment modalities (e.g., rituximab), specifically among patients with low GFR at presentation.
In summary, although patients with ANCA vasculitis and severe renal failure have an increased risk for death or ESRD, 50% of them achieve dialysis independence in response to glucocorticoids and cyclophosphamide. Our study confirms the importance of prompt diagnosis because even small increments of GFR at the time of treatment initiation have a substantial effect on the likelihood of recovery. Finally, we could not identify a threshold at which treatment is deemed futile and recommend that all patients be considered for immunosuppressive therapy. However, in the absence of active extrarenal vasculitis, continued immunosuppressive therapy beyond 4 months is very unlikely to benefit patients who remain dialysis dependent.
